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Abstract. Occludin has been identified from chick liver 
as a novel integral membrane protein localizing at tight 
junctions (Furuse, M., T. Hirase, M. Itoh, A. Nagafuchi, 
S. Yonemura, Sa. Tsukita, and Sh. Tsukita. 1993. J. Cell 
Biol. 123:1777-1788).  To analyze and modulate the 
functions of tight junctions, it would be advantageous 
to know the mammalian homologues of occludin and 
their genes. Here we describe the nucleotide sequences 
of full length cDNAs encoding occludin of rat-kanga- 
roo (potoroo), human, mouse, and dog. Rat-kangaroo 
occludin eDNA was prepared from RNA isolated from 
PtK2 cell culture, using a mAb against chicken occlu- 
din, whereas the others were amplified by polymerase 
chain reaction based on the sequence found around the 
human neuronal apoptosis inhibitory protein gene. The 
amino acid sequences of the three mammalian (human, 
murine, and canine) occludins were very closely related 
to each other (~90% identity), whereas they diverged 
considerably from those of chicken and rat-kangaroo 
(~50% identity). Implications of these data and novel 
experimental options in cell biological research are dis- 
cussed. 
CCLUDIN is a N65-kD  integral membrane protein 
located at tight junctions (TJ). 1 It was first identi- 
fied in chicken using monoclonal antibodies, and 
its eDNA was cloned and sequenced (Furuse et al., 1993). 
The  protein  comprises  four transmembrane domains, a 
long carboxy-terminal cytoplasmic domain, a short amino- 
terminal cytoplasmic domain, two extracellular loops and 
one intracellular turn. One of the most characteristic as- 
pects of its sequence is the high content of tyrosine and 
glycine residues in the first extracellular loop (~60%). 
TJ are thought to play dual roles in the physiological 
functions of epithelial  and  endothelial cells  by  sealing 
them to create the primary barrier to the diffusion of sol- 
utes through the paracellular pathway and by working as a 
boundary  between  the  apical  and  basolateral  plasma 
membrane domains to create and maintain cell polarity 
(for  reviews  see  Schneeberger and  Lynch, 1992; Gum- 
biner, 1987, 1993). To clarify the molecular basis of--and 
to modulate--these functions, information on TJ proteins 
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1. Abbreviations used in thispaper. TJ, tight  jtmction; NAIP, neuronal apop- 
tosis inhibitory  protein. 
such as occludin would be important in cell biological as 
well as in medical research. 
In freeze-fracture electron microscopy, TJ appear as a 
set of continuous, anastomosing intramembrane strands 
(Staehelin,  1973, 1974). Considering that occludin is one of 
the major components of these strands (Furuse et al., 1993, 
1996; Fujimoto, 1995), it should provide a good experi- 
mental target for modulating TJ functions at the cellular as 
well as at the whole body level. However, the chicken is 
not an  appropriate  species  for such  studies,  mainly be- 
cause of the lack of a good cell culture system and so far 
still  poor  transgenic  and  gene  knock-out  animal  tech- 
niques.  As up  to now occludin  was  known only in  the 
chicken,  and none of our mAbs and pAbs raised against 
chicken occludin crossreacted with the murine and human 
homologues (Furuse et al., 1993), several investigators, in- 
cluding  ourselves,  have tried to isolate eDNA encoding 
mammalian homologues, based upon the assumption that 
evolutionally the occludin  amino acid sequence is rather 
conserved  due  to  its  functional importance.  However, 
these experiments have not yet been successful until very 
recently. Here, we now report the nucleotide sequences of 
cDNAs encoding rat-kangaroo (potoroo), human, mouse, 
and dog occludin.  The rat-kangaroo eDNA was isolated 
using one of our mAbs against chicken occludin, and the 
other cDNAs were amplified by PCR based on the "occlu- 
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tosis inhibitory protein (NAIP) gene (Roy et al.,  1995). 
We believe that this report will advance research on tight 
junction formation and function, especially as our data al- 
low gene targeting experiments (in the mouse), the use of 
well-established functional cell culture systems such as the 
canine kidney epithelial cell line MDCK, and direct analy- 
ses of the corresponding human gene(s). 
Materials and Methods 
Isolation and Sequencing of Rat-Kangaroo 
Occludin cDNA 
To  isolate rat-kangaroo occludin eDNA, a  kgtll  expression eDNA li- 
brary was made from poly(A)  + RNA purified from cultured PtK2 cells, 
using the TimeSaver  TM eDNA synthesis kit (Pharmacia LKB Biotechnol- 
ogy, Uppsala, Sweden)  and  GIGAPACK II  Packaging Extract (Strat- 
agene, La Jolla, CA). The initial eDNA clone, pOcl0 (3 kbp), was isolated 
from the library using chicken occludin mAb, Oc-2, as described (Huynh 
et al., 1985). The insert was then labeled using a DIG labeling kit (Boeh- 
ringer-Mannheim Biochemicals, Indianapolis, IN) and used to screen the 
same eDNA library using a  DIG  detection kit  (Boehringer Mannheim 
Biochemicals). The eDNA  clones pOtS, poe9-1, pOe9-2, pOc9-3,  and 
pOe9-5 were isolated, and inserts were subcloned into pBluescript SK(-) 
and sequenced with the 7-deaza Sequenase Version Deoxy  TM Terminator 
Cycle Sequencing Kit (Applied Biosystem, Foster City, CA). 
To  confirm the identity of this eDNA, pAbs were raised in rabbits 
against the GST fusion protein with the putative carboxy terminal cyto- 
plasmic domain of rat-kangaroo occludin. The eDNA encoding this do- 
main  was obtained by PCR  and  introduced into the pGEX-2T vector 
(Pharmacia Fine Chemicals, Piscataway, N J), to express fusion proteins in 
Escherichia coll. 
Isolation and Sequencing of Human, Murine, and 
Canine Occludin cDNAs 
We noted a nucleotide sequence with significant similarity to that of the 
carboxy terminal region of chicken occludin in deleted versions of the hu- 
man NAIP gene (Roy et al., 1995).  PCR was then performed using two 
oligonucleotides, TATGAGACAGACTACACAACTGGCGGCGAG- 
TCC and ATCATAGTCTCCAACCATCTTCITGATGTG,  as primers 
(see Fig. 1). A  kgtll eDNA library was made from poly(A)  + RNA puri- 
fied from the cultured human intestinal cell line, T84, using the TimeSav- 
er  TM eDNA synthesis kit and GIGAPACK II Packaging Extract, and used 
as template. A 363-bp eDNA fragment obtained by PCR was then labeled 
with DIG as described above and used to screen the same eDNA library. 
Three eDNA clones were isolated, and inserts of these clones were sub- 
cloned into pBluescript SK(-). Since inserts of two clones, phOc6 and 
phOel6, should contain the full ORF, both strands of these clones were 
sequenced. By the same PCR strategies, we isolated full-length cDNAs 
encoding murine and canine occludin. For this purpose, kgt 10 and kgtll 
eDNA libraries were made from poly(A)  ÷  RNA purified from mouse 
lung and cultured dog kidney (MDCK) cells, respectively. 
To confirm that these cDNAs encode human, murine and canine occlu- 
din, a mAb was raised in rats using the GST fusion protein with the puta- 
tive carboxy terminal cytoplasmic domain of human oecludin. To this end 
the eDNA encoding this domain was obtained by PCR and introduced 
into the pGEX-3X vector (Pharmacia Fine Chemicals) to express fusion 
proteins in E. coll. 
Results 
Rat-Kangaroo Occludin 
Under our conditions, none of our mAbs and pAbs raised 
against chicken occludin showed immunofluorescent stain- 
ing at tight junctions of mammalian cultured cells, but did 
react with the PtK2 cells, which were established from the 
kidney of a  marsupial,  the rat-kangaroo,  and  are  often 
used to study mitosis  and cytokinesis. Our mAb against 
chicken  occludin,  Oc-2,  stained  the  cell--cell borders  of 
PtK2 cells in contact, and recognized some bands around 
60  kD  on  immunoblots  (data  not  shown).  Using  mAb 
Oc-2, we then screened ~6  ×  105 plaques from a  kgtll 
eDNA library made from PtK2 cells, and finally obtained 
a  full-length eDNA  encoding rat-kangaroo  occludin,  as 
described  in  Materials  and  Methods.  Two criteria  con- 
firmed that this eDNA encodes the marsupial homologue 
of occludin. Firstly, the deduced amino acid sequence was 
similar to that of chicken oecludin (Figs.  1-3). Secondly, 
pAbs raised against GST fusion proteins with the putative 
carboxy terminal domain produced in E. coli showed the 
same features as mAb Oc-2 in immunofluorescence mi- 
croscopy and immunoblotting (data not shown). 
The  complete  nucleotide  sequence  encoded  by  this 
eDNA and the deduced amino acid sequences are shown 
in Fig. 1. The reading frame of the sequence starts at nu- 
cleotide 76 and extends until nucleotide 1542, thereby en- 
coding a protein of 489 amino acids with a molecular mass 
of 54 kD. 
Human, Murine, and Canine Occludin 
We produced a  GST fusion protein with the cytoplasmic 
domain of rat-kangaroo occludin and raised rabbit pAbs 
against  it.  One  of  these  antisera  immunofluorescently 
stained the junctional complex region of the human intes- 
tinal epithelial cell line, T84. We then attempted to isolate 
eDNA clones encoding human occludin, using this pAb. 
During this  study, we  learned from the  GenBank data- 
base, using a biological sequence search program, MPsrch 
(IntelliGenetics, Inc.), that a 675-nucleotide sequence show- 
ing similarity to a part of the carboxy terminal domain of 
chicken  and  rat-kangaroo  occludin  had  been  found  in 
close proximity to the human neuronal apoptosis inhibi- 
tory protein gene (Roy et al., 1995). To determine whether 
or not this sequence really encodes part of the human ho- 
mologue of occludin, we then performed PCR with two 
oligonucleotides (see Fig.  1)  as primers, using the kgtll 
eDNA library made from T84 cells as templates. We ob- 
tained a DNA fragment that allowed us to isolate a  full- 
length  eDNA  encoding  human  occludin  (see  Materials 
and Methods). Its deduced amino acid sequence showed 
similarity to those of chicken and rat-kangaroo occludin 
(Fig. 3). Furthermore, mAbs raised against this gene prod- 
uct specifically stained tight junctions in T84 cells (Fig. 4). 
We then concluded that this eDNA encodes human homo- 
logue of occludin. The cDNAs encoding murine and ca- 
nine  occludin  homologues  were  also  isolated  and  se- 
quenced by the  same  procedure, using mouse lung  and 
MDCK cell eDNA libraries, respectively.  ' 
The complete nucleotide and amino acid sequences en- 
coded by these cDNAs are shown in Fig. 1. They encode 
polypeptides of 522 (human) and 521 (mouse, dog) amino 
acids, with a molecular mass of 59 kD. 
Discussion 
In this study, we describe the cDNAs of rat-kangaroo, hu- 
man,  mouse,  and  dog  occludin  and  the  corresponding 
amino acids deduced therefrom. Hydrophilicity plots show 
The Journal of Cell Biology, Volume 133, 1996  44 ratkangaroo 
C~IMATCTIIICC{AC~IITTCCTICIAACGAIAIMIlllACI~I~CI~U~AT~TC4CACITC©CAATIAT  ITAGIMAbJ~U~TCTTATAGA41~TACIO~ACC~q41TICCACTATIAOTACCCACCTCCOT~  ~C~T~A~II~yI[C  180 
l  I  I  i  Y  T  I  Y  I  r  i  Y  Y  P  l  I  $  F  Y  L  A  V  35 
¢CT¢CCGAIGATTTGTA¢~tlTIMIITGCGGTCGAUTATTITG~I  UTC~TICIIMATCTITHTGAYmlIlT  fTN~TATTTTTm~Tu~?GCA¢C1TA~CTmT~TATN{~THT~{CTIGTi~TTAi~i4HiAu¢CTNidA~A~T~c  SlO 
P  P  I  I  Y  W  I  P  P  I  V  I  I  I  Y  L  l  L  A  C  A  $  T  L  W  i  I  I  L  I  i  L  i  S  Y  Y  S 
TACTAT4STiH~CTA~4AY~TACTATTA~TiH~C~&4CIJd5TC~AC~v4MGA~L~11~51-f1ATIAY~CCAT•~T~T1CTCi1~TT~mTi5ACSb`T~i4~1r~H~TI&Tp4~4~TCTITCTA&A~CA~CA4~T~Y~f~A~I~YT|~TCc~c  54~ 
Y  Y  i  I  i  Y  Y  I  I  l  I  F  I  I  i  A  E  A  F  L  I  L  I  L  I  L  I  A  A  I  F  Y  L  L  Y  A  L  155 
AITlITCTICYI4COTTCITIATICTTATTI~TC~TTITCTAClTTITTHTIMd~dMIGAI44  ~T~u~MCTCTiTCTCTACTA~A~GA~AT~1T~T~¢TCT~CAA~A4AT~AT~TCA¢CA~/~CA4iA4~4ATTATiJ~CC~TACC~cTg~ACTAc  72O 
SiLL  F  I  L  I  I  V  Y  V  V  l  A  L  I  A  I  L  Y  I  I  I  l  I  n  i  Y  A  I  n  i  Y  L  Y  Y  21§ 
TICATII  TIIAG~CC~AAIlllGTIIiiCCATCII  GTIYIITTTGGT  CACTITTATGC~GCT~TITI  TGAYITMTACTTITITCTHA~YATIIItAICG{AACATCITCTIIIACk~I~CC~IICTACAIII|IT¢CGAATI  TMAltAITSD  oDD 
C  I  i  I  i  A  Y  I  •  I  F  L  T  L  V  S  Y  F  T  l  K  I  W  I  I  I  I  •  P  L  E  I  P  I  i  E  !  12750~0 
i~AkA~AAT~TCTCTuT~AT~TA~CACT~t4~T~A~AC~iC4AGAG~cATACTCA~A~`ATC4~C¢~T~-~`-~-  _~_.  TTT¢CII~L~'~*" "~3.TII{TATIICCA~GIA~CCTT~AI~IT~T~C~TO~C~  ~ 
Y  l  N  V  I  v  I  e  I  T  A  T  L  I  P  O  P  L  F  L  A  I  E  i  Y  IT  I  I  V  E  O  ~  I  P  P  E  133~  2iiO 
AAAIACANdlITCTITIMC CUCGCCCCI~¢C~T~TCAGAI  TSYIA&tCMATTATAC~TGCAMIIMAICAINtT  cInATIACTUlCCA4CCTnACCCACCC~  TGATCTGilATi  COATS 
I  I  K  I  v  I  r  An  I  I  le  I  I  ~  E  I  T  J  T  T  S  A  l  E  I  I  !  A  P  P  I  I  |  0  I 
R  {  I  Y  A  F  i  I  L  I  Y  I  A  A  I  liT  I  L  I  E  L  i  L  I  I  I  I  •  Y  I  I  L  i  I  l  456 
A  u~Tc~4AATACCAAA~AMU~ATTi~AiAGC~A~A4~CTTG~A~AC4A~cT~T~ATATC~G~¢ATI~TT~44~4CTAi~A4~4GA~CTAAiCA~GG~TITi~CTiH1TcCCA~cCCTT~TcT  1593 
RIPE  Q  i  i  E  T  8  L  I  I  C  I  I  II  v  I  I  I  $  489 
hu~l~n 
CT  KCICITCCAK f CT~c{TK¢?icTTIGTCTi~G~iAiiKii~MA¢G~AMicU~iTKAiAiGi{¢~Ai4A~K~¢TM~AC~{AiC~UTTNTTTATcrri~AMcTMCiTT~cTUTKTWUTCA~TUcCATTUGU  TCAIOCATiTsCAT¢CAI6 
CST  CTTIAtAIT  CGA  sCT¢cTTACA~4CcY~AT~AATTCA4AIG~ATCATTATICA¢C~A~CAAT~AGM~YIT~T~A~A~T~CA~T~U~4AT~CTCT  CTG~iGCAICCTACTCTTTTTACOGAIkAIATIAAkTTCTTCACTTC?ACA~A¥IIACCTCTCC?CCAIIIITI 
P  L  O  P  P  Y  I  £  F  K  P  Y  A  P  I  I  I  i  I  Y  I  P  E  L  I  I  t  DElL  Y  K  T  i  P 
ATTCIIMC  C?ITCTATICTGITTATTIT~ATOYI¢~TT~CATCTTTI  cCT~T~i4CCTCc~{TT~CC?~CA4A~&C~ATuAAC~TC¢C~TT~A4~A~4TI~T~M4CTAC~51TA~A4~4AiT~4¢TTT~A~C?lGHik4iYI~CTATI~CTA~IiCTA~iiTTA~ 
I  I  L  I  L  I  E  O  I  A  I  C  Y  A  S  Y  L  I  Y  T  I  L  L  I  I  I  P  I  F  I  I  O  i  I  Y  Y 
i~CTATi~CTAc~4A~i¢TAYA~A~scCAAlA~CAiCAAAu~TT~A~iTT~GT~CCTTTT~TTT~1~{C~4TT|~T~A~CT1TInA  CGAITITTATAli~TcrlAkATtT{CAIAAC~TAGTA~ITAAITITMTMTMTWTICTAT  CCTINCATC 
i  Y  Y  I  Y  T  I  A  A  K  i  L  A  E  A  A  F  A  L  I  F  V  T  I  Y  I  E  |  Y  Y  L  I  I  S  A  L 
ATllYITT~ATTiCC/ICAITTITCTATATA~TI4141TIAAC~CAACTICT  GAIT  GTT~Ti&TC[CTAYATi~TCACAAATATAT~CC¢TCT~C4dU~AATT1TiTACACCT~CA4CTACTiCTCTAC~iT~TATTT~TA~CACTACTiTi~TITi&ATCccC~iM|iCC 
H  V  I  T  i  V  I  I  V  I  Y  I  S  l  I  l  L  I  Y  L  C  I  |  F  Y  T  l  i  I  Y  L  Y  C  V  I  I 
ATT1~C~TT~TACT~4TTCAT~ATTATT~T~4{1TTT~CTTTAA~MTTTTCrTT~T~?~k4AAGT~k~A~MA~A~4AW~YAT&M~A~T~4*ATA11TTM~4AGAA~ACA~ATTTAT~AT~A~CA~C~4~CAATI~A~i&i~i~T~ 
I  A  V  i  F  i  V  A  F  A  L  E  F  A  Y  I  T  •  l  I  I  I  I  I  L  i  N  O  PLP  g  E  E  i  I  I 
I  I  V  S  P  P  Y  Y  £  I  •  P  i  A  Y  I  I  V  l  i  F  Y  P  E  i  I  T  •  Y  I  £  L  T  P  V  C 
i  P  Y  S  I  I  E  T  P  I  K  PAllIA  K  T  Q  I  O  Y  E  T  I  I  O  [  L  E  l  I  E  i  Y 
O  I  |  I  L  Y  I  F  I  T  I  E  Y  I  $  L  I  $  I  I  E  L  $  I  L  I  I  I  S  i  E  S  I  A  S  I  E  i  L 
t  I  l  I  A  I  I  I  I  I  i  I  L  K  I  I  L  K  i  I  i  i  I  I  I  I 
CAAAT4ACrTT~4ACCMMc~C4~AA~¢¢AAACCT¢T~T~A~CAT~{AAA~TTTT~TT~TTTAA~AV~ATC~TA1T~Ak~CATT?TATAAATC~  GTT1TIAT&kVCAACT141CTIAAGACI  GCIATTAA41&mTATIGTTTAIACATTHTTCTTIYATT~IAATBAAT 
ACTITTTIAII~r~TTAAICCTTAAA  ~AA4~TTGT~4r~T~AACTkiAGTTTCA~d~GA4A~ATITCTTCATA~TACATIT~TT|TTT~{ATM~1~MCTGATTTAAT~TCT¢AAcGA~TTT CAIAYAACTITTATTTATAMCAC|ITTTTCCACATAAilklA  sTInT 
YCCTISAATIAAITCT¢'f  IAAITI/dLICTICTTITTT~CTAICACA  CA~TTTTII  rTA~klTCTITTITATIACTTCATTAATAAyAAATTCC~rNCCTTTCATAnTTAI  CTACTATATAKIYIATIATCTAC~CCCTAI  i i i f i i 15TITTATATAAATU  TTA/,AA4MISTT 
TiT 5TT  AAAYAA  TAkAIAY  COl  i T~I~V~iK~ 
124 
719 
184 
424 
I$1g 
2150 
~ouse 
~CATTTTiCTCATCATAAAi&?TA~ACCA~T~ACATCA~AY~TCC~11~4~CCTT1T~iAA4T~AGGT¢CTTACA~A~eT~AT~AA~T~Q~AATCATTAT~CAGCAA~CAAT~GAT~ATug~iA4A~AY~ATITCC~d~TicYCTC?  CA~GCAICITACT~  357 
V  I  F  [  S  P  P  P  I  I  E  I  P  |  I  Y  X  I  Y  ~  I  E  L  P  a  i 
rn]AT~IMAIAYIAAATT{rTCACTT~TA CkAATIMCIT¢IC~C~CAIIIIYIAT~CMATCCTIT~TATI~T  CATTATTITIAYITICITCI  ~¢AYATTI|COTITITN{TT~.AM¢ITKTTW  {TATIIM~IIAUAMC  CTAAAOTAC¢¢T 
F  Y  P  S  E  1L  H  F  Y  K  T  S  I  V  I  I  L  S  E  L  I  •  I  A  I  F  A  I  V  I  •  I  i  F  l  L  I  P 
TAYAITIICTTTIICTACIIM4 ~a~cTAT~4A4~C~4~TATIi4~CTATuC~AY~ATi~C~iTSYAGA~AC~AM~CA~CCAkk~4CrT~.T~TT~C~ATHGA~CCTTcTipcTTCAY IITC51TPlTAATATTTII|&  GCAITInATAAIATCTI~AATIT~AI4 
Y  S  1  F  Y  i  I  i  Y  I  a  Y  i  I  T  Y  i  I  Y  Y  I  I  A  l  P  L  L  A  E  A  F  A  Y  T  V  I  I  E  i 
ACAAIld~TATTACTTIATGi~MT~YA4TCAI~CTATC~I~I~YCATHTITITATT ICCAG4AYC4TIyAC&Y~TIII~ITIAA~CI~{II~IIOTTCTII~TATITACOICT~GAIATATATATMTC~I  CAAC~AITTTTATAC~CCTWTACTNT~C 
1  I  R  Y  L  I  i  I  I  V  I  I  L  I  Y  I  A  T  I  Y  Y  I  V  P  f  A  I  A  I  O  I  I  E  O  Y  T  I  !  L 
TAGO|TIIATCAATATTTITAT  cACrACTayITIIITTIAYCC~AII&KICTATAIGCATTITGS"Ii•IHIITCt  Tl~TTAT CITMGTTTTi~C~TTAA~GAY5W~TTTn~CT~T~Ti~ATc~ITAT~ATAM~¢~4ATATT~T~TiiH~ATp`tuAA~CAT~A~ 
Y  Y  C  I  L  Y  I  Y  C  V  V  P  I  I  A  V  L  I  F  I  I  V  F  L  I  I  F  F  A  Y  T  E  Y  I  L  !  £  :  Y 
~5~T~L~AC`~G4~.G~4~AT~TT~AA~A~iTI~Ni1rTAAAAATlT~iTCTICA~4~CACA4~4~AcAT~GCA¢Ct~&~1~CT~CTlT~1T~ACA~TC~L~T~GCTIGTgT~T~T~AT~T~Y~T~T~ccT~i 
I  E  ~  P  I  V  E  E  •  V  K  V  S  TO  •  P  P  P  P  S  i  E  V  I  I  P  i  A  Y  i  Y  K  P  O  F  I  Y  L 
ITI  GCTI&~ITII~CAIIA4ATTC~TCTIACCTTUlTITUAY~CAII~IC¢I  CIIIA~AIGAI~ATU  TMC~TA4A4AOA~CTA&~AIII~T ~SI~JI~I&~II~&I~mACCOTIAC~TATIAAA~tlAOTA  CAClACAIIYIO6 
Y  P  E  V  I  £  I  P  L  T  L  V  O  fl  I  I  Y  I  I  I  I  L  T  S  E  i  A  D  T  K  |  I  T  N  E  T  T  T  i 
IAI  TCOTICIAilAICTIIAIAI4ACTlUTCAIIIAATATCGACCTATCACTT  GAIATGAAC&iAIACAACTCTACAAIMU~AAITTTIATIITCTICAIIMTAI~AMIAA~TAIA  CIACITWTAkIIAICTOTCTCITnIIAYk4AIAM,~ITIAC 
£  i  C  E  L  E  E  I  I  V  I  Y  P  T  I  I  e  I  I  L  Y  I  F  A  I  L  G  i  Y  i  L  L  V  L  I  L  EL  I 
1ACAIAIAIIA4AITIU~AI  TA  CATII~IC  TICTi ATI~  TATAATAIACTAAAICAAITTMVCTI CAIA  T  TATAAAAIT  AAIAIIAMT  ACTIGAAICA4TTI_L'~L~_  WnA Tel  CACM  CAA4AI  MiNT  m  AIAOA  TIACA  IACU~AA  COT  TAIAIAIA  TO  CC 
Y  I  E  E  |  S  Y  E  S  A  A  E  Y  L  I  I  Y  K  I  i  A  I  I  i  •  Y  C  I  I  L  I  I  I  I  Y  I  l 
A~T~i~C&TC1~CCT~{~4A11~CTCT~CAATTC~¢TCfJi&t44{A&ACT~AC~TT~A{TCTMYCTu~AA~TrAAAi~TTT~1AYCATTACA~TTT~ATNCTTTAAn~T~AY~A~  U~TATWTN~ 
TT~AYAA~T~ACi1i~GT~AACT~TC¢AATTAM~AYTTTACA~TTTC~iG4TT~ATTC~T~TATT&~LMfTA~M~TT~CTT~A~4TT~TAAAY~*`~ L~  ~a~T.  CCTNTITIAImT~TIYITITIAIGTITIAYITIAAIllTCACA¢~{~41  CAICI  TITY¢CTCC~it 
TAIA¢CIYS"TAATCAATCITIIV,  JMICNIIc~,'TCAIOTIAGTITTATITAIAt  II~ASilTIITT1TiOTIITIGOJIb~AiHIITITCTCIITEY/dl  GGEIWOCIIAI3CTAM~tCTTAI~IGTIT~IW¢CTTtlL~5"TrdtC,t CA•or  IPCT  CTI~ITICTIITi~AiI~IITA~BT 
CiTiACC~MATCATCAGTT1TGCT~m4T~ACTTCT~GAAACTidMACT~{T~bA~CkiTTTTuCTAA~TGT~TT~AT~ACT~J~T~ACA4~C~T~1~TATTTCAdi~A4AT~C4ATACATTATAT{4iG~  TI~TCCCGA~ACTI~rFTY~iTA~ 
TkACAklTIAAT~IIATTATTTTTOI  CTT~ACATT~T1TG¢TAJ~`4CTTAA~ATCAYATk4~ATTAA~A44TAYi1~A4AmAMAATT~TAAATATATATTTAC4~T~bMA~AT~A/T~TAAAY~CA~u~TAAA~T~CTTTTTATCTTiTATAITTTACAT  iCITTTTTTTTTT1T 
~iATAAC¢CACT~CCT~TCCATT~TATCA~pATATI~4A~TACATTT~A~TAT~ACTT4/~TTIYiTTTCACA~A4YI¢TCA~TT1T~YACATATTTTATAA~TATTAAAC¢T~AT~TTCTCTTTCT~ 
4S 
537 
1{6 
717 
1437 
1~06 
canine 
C~¢,61Tllt~IAFrTT~gTU~I~ffC  ¢I~T~IT~I~T~IITmTCI~¢~TFffW~T~T~  TAT~/~T~ff~C~I~A~mO~TMTITITA~NiU  ~T~T  ~l 
•  O  S  I  P  E  O  i  P  Y  A  i  E  i  P  I  K  ¥  A  S  N  Y  I  I  i  a  V  A 
GCCATiCTCTCTCAI  CCUCiTATTCTTTCTA  ~__~_  _~_~ITiAkATTCTT~CTT CTACAAATI4M~CTCTCCTCOAIAITAkTTCI4ATTOTOT¢C~KICTTITCAnlllATI  TICATOICCATATTTI4CTITITCICITCOACIOr  CI¢~IMIATAIASICTATI&AAGTiIC 
I  L  S  P  Y  F  P  I  ~  L  fl  F  Y  K  W  T  I  P  f  I  i  I  I  L  •  L  •  I  V  C  A  I  f  I  O  Y  IT  •Ill  I  T  I 
TTAATOIITltTAICATAIICTACCCTTACIIAAITII~TTCIIIAICTA~UA  GTUCTACI4~TmTTTIICTACIIOTACII  CTACIIGIICTA~C~AYICCAIAOCAICAAAIlI~TTCCT~TIICCAYIIYIIOCTTITITTTTAT  CICTICAITliTIATATTT  IlK 
i  |  O  I  Y  Y  l  F  S  Y  I  T  I  Y  I  Y  I  F  i  Y  I  Y  Y  I  Y  T  I  P  I  X  i  F  L  L  A  •  A  F  I  A  A  L  I  F  Y 
A~AIc~T~ATA~YCT~A~ATAT~A~AAC~4/~i~YACTAC~iA~T~TAATMYAC~TTC~Tu4GiTCATiAT~TGATT~CTAC~ATTiTCTAYAIAAT~i4A~TCAAT C~AACTKC~MM{TTCTMITI~TTATACAI11GACAMTATAKIC~AIIYICA~C 
8  V  I  |  I  I  l  Y  L  T  V  I  I  L  I  A  F  L  I  V  V  I  I  A  I  V  Y  I  •  V  P  T  A  E  A  I  I  L  S  I  Y  •  C  I 
CAITTCTAYiC~TCTACAiCTACCIIACT  ~TAGATUATCAITATTTIYATCACTACTiTITUTliAYC¢CGAAiAIICAATTICOATTITC~TMMTT  MyIITIATTITNCTTTTICTTTAATAATT1TCTTT|CTIT&MA~ nCIAAiklAIITllACCliTAT  IA~k~4TCI 
F  Y  A  T  T  L  •  I  L  Y  K  Y  O  V  Y  I  r  O  E  I  I  A  •  L  F  •  V  I  Y  Y  L  I  I  F  F  A  I  T  I  U  I  I  K  l 
AATA~ATTITi~GAAuAACAYATTTA~AT~qAGAAcGCCcCAATiTT~AA~A~T~4~TTk~AAAG~TTTCT~CAi~GA~GA~ACAY~G~TG¢TcGGC¢TTGT~ACT~TI~A~A~AiTI~AGAi~G~AY~C4TA~T~TTGCAAYuTAAA~TiAATiiCAA~iTT~AT 
ILl  K  1  Y  E  P  I  •  E  E  W  V  K  •  •  I  A  I  Y  I  •  P  P  P  I  P  Y  E  Y  e  O  P  •  A  I  O  I  V  I  I  L  Y 
CCAIAITCTT~TAYAAATCAACA¢CIM  CC¢C4AA|TIITICAIlP4CTICCC4  CCA~T~CC~ICUATI4 CTTCAu~TC~CTAC4I~CTTI~A~CCACCTTC~AN5k~4C~CT¢&~LAitiJdMACuW~CcCAA~Aiin~4A~CA~4Ac  SAC 
E  I  S  K  T  V  |  i  E  L  P  A  T  I  P  A  O  I  F  I  O  D  Y  S  SILL|  P  K  I  A  P  S  I  fl  T  P  i  L  e  I  H 
TATIAIACAIACTACAGIACllI¢.IICIAIYCITITiACIAICYI4AilAIIACTI~ATCAIMAATST¢CAOGTAI  GACTTCAIMCAA~UdMCAACTGTA~klAIA~TTITIAC~CTMGCTICAIIAATAC~AIAICTTA~AI  CA4AAITTO~I~y~T~C 
E  l  I  T  O  £  O  E  E  E  I  •  I  I  E  Y  P  P  I  T  I  i  |  I  L  V  C  S  I  I  I  L  E  E  Y  K  L  41  L  I  I  K  E  L 
TCTGICCTltATklAIAAITI4~  TO  CTATA~MMA~AM~TIAM~TACAY~ic?~CiICT~AT~AiTACAATA~AC~W~¢~TTMYCT~Ci~AnA~U~AATAA~A~4AAnATT~  WOOAInWIAICAAA  fTITCCCAMTCAAIAAIA|I4TTI~AMCTAT 
I  L  I  E  L  I  Y  ~  l  E  Y  •  A  A  A  I  E  Y  I  I  L  I  O  I  I  P  I  V  K  I  I  Y  C  |  ~  L  K  i  L  I  I  •  i  8  Y 
~AYA4ACAiAAAACATA|AAuGA~ATIcCA¢ACA~TT~A&AiA~Y~TiAAiTATTT~AGATATCTiCAAC4TTiTCAi/d~iCA~AA~A¢TTTuAfTT¢~&A¢CCA~A4~CC~4ATCTTT~T~A~CATT~U4TTTTu  TAI~rTTAAKAYCATOAITATTI~44CAT~|A~ 
I  I  I 
ACATAICTTTTOAYAATCAA  CTiu~6AAGAcTI~iATTA/diATTc~I~CTTTA~AcTTT~lCTI1T~YICTAAA44AC?iAiYATAu~A~TT?TCA~ACcTT~iudAMiTCCGAcu  TIAACTTM  iCTMIkICTTICACA  GTTOMIC4 
179 
36 
216 
T~ 
T4,~ 
1619 
$15 
Figure  1.  Nudeotide  se- 
quences of ocdudin cDNAs 
and deduced amino acid  se- 
quences of rat-kangaroo, hu- 
man, murine, and canine oc- 
cludins.  The  ORFs  of  these 
occludins  encode  489,  522, 
521, and 521 amino acids, re- 
spectively.  The  675-nuclei- 
tide sequence found in dose 
proximity to the human neu- 
ronal  apoptosis  inhibitory 
protein  gene  (Roy  et  al., 
1995)  is underlined,  and two 
nucleotide  sequences  used 
for PCR are boxed. These se- 
quence  data  are  available 
from EMBL/GenBank/DDBJ 
under  accession  numbers 
U49183  (rat-kangaroo), 
U49184  (human),  U49185 
(mouse), and U49221  (dog). 
that, like chicken occludin, all these occludins contain four 
transmembrane domains in their amino terminal half (Fig. 
2). The amino acid sequences of human, murine, and ca- 
nine  occludin  were highly  homologous (~90%  identity), 
and these  sequences had considerably diverged  from the 
avian (chicken) and marsupial sequence (Fig. 3). The per- 
centages  of  identical  amino  acids  between  chicken  and 
rat-kangaroo, rat-kangaroo and human, and human and 
chicken ocdudins were 58.4, 45.0, and 45.6%, respectively. 
We considered  possible  reasons why chicken, rat-kan- 
garoo, and human (mouse, dog) occludins have so strongly 
diverged in their amino acid sequences. Two possible func- 
tional domains have so far been identified  in chicken oc- 
cludin. One is the first extracellular domain, which may be 
involved in cell-cell interaction. This domain is character- 
ized by a  high tyrosine and glycine content (~60%)  (Fu- 
ruse et al.,  1993),  and this feature is conserved among all 
the occludins identified here (Fig. 3). In this domain of hu- 
man occludin, for example, 29 out of 46--amino acid resi- 
dues were tyrosine or glycine, suggesting that at least some 
glycine  and tyrosine residues  are involved in the specific 
function of this domain, i.e.,  probably tight cell-cell  cou- 
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Figure 2.  Hydrophilicity plots for occludin from human, chicken, 
and  rat-kangaroo occludins using the  Kyte  and  Doolittle  pro- 
gram. The plot records the average hydrophilicity along the se- 
quence over a window of 10 residues. Hydrophilic and hydropho- 
bic  residues  are  in  the  lower  and  upper  part  of the  frames, 
respectively. The axis is numbered in amino acid residues. At the 
amino terminal half of each occludin, there are four major hydro- 
phobic, potentially membrane-spanning regions (arrows). 
piing.  The  second  domain  is  the  carboxy terminal  150 
amino acids, which, at least in chicken occludin, is respon- 
sible for its association with ZO-1, a major plasmalemmal 
undercoat protein at TJ (Furuse et al., 1994). As shown in 
Fig. 3, the amino acid sequence of this domain is also re- 
markably conserved as compared to other domains. Con- 
formation predictive analysis has further revealed that in 
all the different species studied the center of this domain 
can  form  a  typical  a-helical  coiled--coil  structure.  This 
might suggest that the amino acid sequence of this domain 
has diversified during phylogenetic evolution only with the 
limitation of keeping an important segment in the coiled- 
coil structure to interact with ZO-1. 
Occludin was first identified by producing mAbs in rats 
using isolated junctional fractions from the chick liver as 
the  antigen-containing  material  (Furuse  et  al.,  1993). 
When we, however, injected isolated rat liver junctional 
fractions into mice to obtain  mAbs, occludin antibodies 
were not identified (Itoh et al.,  1991; Tsukita et al.,  1992, 
1994).  Retrospectively, these  successes  and  failures  can 
perhaps be explained by the diversity of the occludin se- 
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Figure 3.  Comparison of amino acid sequences of occludins of 
human, mouse, dog, chicken, and rat-kangaroo aligned by the 
GENETYX program.  The  four  transmembrane  domains  are 
boxed. Conserved amino acids shared by all occludins are indi- 
cated by asterisks; and gaps, introduced to maximize alignment, 
are indicated by dashes. The first extracellular domain (serrated 
line) is characterized by a high tyrosine and glycine content. The 
carboxy terminal  protein  ZO-1  binding domain  is underlined. 
The amino acid sequence of this domain is rather conserved be- 
tween  species, and  in  the  center  of this  domain  hydrophobic 
amino acid residues are clustered in a pattern to allow the coiled- 
coil configuration (arrows). 
quence between chicken and rodents.  On the  identifica- 
tion of chicken occludin it was expected that this information 
would soon lead to answers to many of the key questions 
about the structure and functions of TJ at the molecular 
level (for review see Gumbiner, 1993). However, as men- 
tioned in the Introduction, the necessary identification of 
mammalian occludin homologues proved rather difficult. 
The Journal of Cell Biology, Volume 133, 1996  46 Figure 4.  Double immunofluorescence staining  of cultured  hu- 
man intestinal  epithelial  T84 cells with a rat mAb against human 
occludin HOC 119 (A) and a mouse mAb against a TJ-associated 
protein, ZO-1 (B). The human occludin mAb was raised against 
the GST fusion protein with the putative carboxy terminal cyto- 
plasmic  domain  of  human  occludin.  Both  photographs  were 
taken at the same apical focal plane of polarized T84 cells. Note 
that occludin and ZO-1 are precisely colocalized. Bar, 10 t~m. 
Now that this  obstacle has been overcome, TJ organiza- 
tion and function can be structurally and functionally ex- 
amined at the molecular level. 
Using various types of cultured human, murine, and ca- 
nine (MDCK) cells, the barrier and fence functions of TJ 
and  the  regulation  mechanisms  involved can  be  experi- 
mentally analyzed  by modulating  occludin  gene  expres- 
sion or by blocking with anti-sense probes or with antibod- 
ies. For example, it can now be  determined  whether  on 
overexpression of occludin eDNA the number of TJ strands, 
as seen in freeze-fracture replicas, will increase, with con- 
comitant  up-regulation  of the  barrier  function.  Through 
the production of various types of transgenic and occludin 
gene knock-out mice, we will learn how TJ formation is in- 
volved in the morphogenesis of various organs and whether 
TJ  dysfunction  is  related  to  various  pathological  states 
such as inflammation and tumor metastasis. The possible 
modulation of TJ functions, especially its barrier function, 
is  also  interesting  in  relation  to  drug  delivery.  Thus,  it 
should  be  possible  to  modulate  the  blood-brain  barrier 
through up- or down-regulating occludin synthesis in brain 
endothelial cells. The modulation of TJ functions in intes- 
tinal epithelial cells is required to regulate the absorption 
of drugs  from the  intestine.  Studies  are  currently  being 
conducted along these lines in our laboratory. 
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